MINDO-force calculations have been performed on phenyl and cyclopropyl substituted allyl cations and anions with complete energy minimization. It is found that the phenyl ring destabilizes the allyl cations when substituted at the terminal and at the center carbon atom of the cation, while the cyclopropyl ring stabilizes the allyl cation when substituted at the terminal carbon atoms, but destabilizes the cation when substituted at the center carbon atom of the cation. These results agree with the experimental ones. In the case of the allyl anions, it is found that the phenyl ring destabilizes the allyl anions when substituted on the terminal and on the center carbon atoms of the allyl anions, while the cyclopropyl ring stabilizes the allyl anion when substituted on the terminal carbon atom but destabilizes the anion when substituted on the center carbon atom. Also, it is found that both the phenyl and cyclopropyl rings are electron withdrawing when substituted on the allyl anions, while they are electron donating when substituted on the allyl cations.
Introduction
Having studied the effect of methyl on the allyl systems [1] , we have extended our work to calculate the effect of phenyl and cyclopropyl on the allyl cations and anions using MINDO-forces [2] , Experimentally it was found that the methyl group [3] and the cyclopropyl ring [4, 5] stabilize the allyl cation to a degree greater than the phenyl ring.
Allylic anions are supposed to be intermediates in the base-catalysed isomerisation of olefins [6] [7] [8] [9] . Their high reactivity renders difficult the experimental investigation of these anions and therefore calculations on them are of considerable interest.
There exist no advanced calculations on these cations and anions. We have used the MINDOforces method [2] , minimizing completely the molecular energy obtained from the semiempirical MINDO/3 MO method [10] according to Murtagh and Sargent's [11] minimization technique. The derivative of the energy was calculated according to Pulay's [12] force method. A full description of the program and its application is given in reference [2a].
Results and Discussion

Effect of the Phenyl Ring on the Allyl Cations
The calculated heats of formation and electron densities of phenyl substituted allyl cations after complete optimization of the geometry are given in Tables 1 and 2 , respectively. Table 1 . Calculated heats of formation (AH { in kcal/mole) for phenyl substituted allyl cations.
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The phenyl substitution on the center carbon atom of the allyl cation gives rise to two possibilities; the first (cation 2) when the phenyl ring is perpendicular to the plane of the allyl carbon atoms and the second (cation 3) when the phenyl ring is in the plane of the allyl cation as shown in Figure 1 .
The phenyl substitution on the terminal carbon atom of the allyl cation is expected to increase the stability of the cation due to resonance. But it was found theoretically [13] that there is a little destabilizing effect on the cation, which agrees with experimental observation [3] . From this figure it is seen that both angles CI C2C3 and C5C4C9 decrease from cation 2 to cation 3 due to steric strain in cation 3. Therefore cation 2 should be more stable than cation 3, which agrees with calculations [14] . According to the calculated heats of formation ( Substitution of two phenyl rings on the terminal carbon atoms of the allyl cation gives rise to four possibilities as shown in Figure 2 . The calculation of the heats of formation for these cations show that the most stable one is the cation a (cation 4 in Table 1 ). The calculated heat of formation of cation 4 (zl// f = 246.8 kcal/mole) shows that the two phenyl rings destabilize the allyl cation. This is in fairly good agreement with /7-SCF calculation [15] (zl// f = 230 kcal/mole) and indicates that there are no resonance states. This is confirmed by the bond lengths C1-C10 and C3-C4 (Fig. 3) , which are longer than C1-C4 of cation 1. This means that the charge on the carbon atoms CI and C3 has diffi- culty to delocalize into the phenyl rings in order to stabilize the cation (Table 2) . Also the charges on the carbon atoms of the phenyl rings are small in comparison with that of cation 1 ( Table 2) .
Thus it can be concluded that the substitution of the penyl ring on the terminal carbon atom has little effect on decreasing the stability, and the effect becomes more pronounced on the substitution of two phenyl rings on the terminal carbon atoms of the allyl cation. Also, the substitution of the phenyl ring on the center carbon atom of the allyl cation destabilizes the cation.
Effect of Cyclopropyl Ring on the Allyl Cations
The calculated heats of formation and electron densities of cyclopropyl substituted allyl cations are given in Tables 3 and 4 , respectively.
In order to check that the phenyl ring destabilizes the allyl cation, i.e. no resonance phenomenon, we have studied the effect of cyclopropyl, which has no 77 electrons to give resonance states, in other words that the driving force for the stability is not necessarily an electronic derealization [16] that results from 77 electrons.
Cyclopropyl substitution on the terminal carbon atom of the allyl cation gives two conformations, anti (cation 5) and syn (cation 6), as shown in Figure 4 . The experimental results [17] could not show which of these is more stable. The calculated heats of formation (Table 3) , however, did show that cation 5 is more stable than cation 6 by 5.6 kcal/ mole. Also it was found that, in agreement with the experimental data [4, 5] , the cyclopropyl ring increases the stability of the allyl cation. The electron density of cation 5 (Table 4) shows that the charge increases on the substituted carbon atom and that this charge is smaller than that of cation 2 (crotyl cation [la]) and greater than that of cation 1. Thus increase of the charge on the substituted carbon atom of the allyl cation increases the stability of the cation. According to this, cation 5 should be more stable than cation 6, since the charge on CI of cation 5 is greater than that on CI of cation 6 (Table 4) .
Cyclopropyl on the center carbon atom of the allyl cation also gives rise to two possibilities: either the cyclopropyl ring is not perpendicular to the plane of the allyl cation (cation 7) or it is (cation 8), as shown in Figure 4 . The heats of formation (Table 3) show that cyclopropyl substitution at the center of the allyl cation decreases its stability. This may be due to the three electrons in the Walsh orbital [18] , which cause a repulsion between the cyclopropyl ring and the negative charge on the center carbon atom of the allyl cation [1] , The difference in the heats of formation between cations 7 and 8 (AH { = 0.3 kcal/mole) is smaller than that between cations 2 and 3 (4.6 kcal/mole), which may be due to the ring size.
Substitution of two cyclopropyl rings on the terminal carbon atoms of the allyl cation (cation 9) is found to increase the stability of the cation more than that of one cyclopropyl ring (cation 5). From  Fig. 5 , it can be seen that the angle C1C2C3 of cation 9 is greater than that of cation 5 (Fig. 4) , which indicates that there is less strain cation 9. This means that cation 9 should be more stable than cation 5. This situation is similar to that with cations 2 and 5 [1 b] .
Thus the cyclopropyl ring conjugates intensely with the allyl cation and stabilizes it more than the phenyl substituents.
Effect of the Phenyl Ring on the Allyl Anions
The calculated heats of formation and electron densities of phenyl substituted allyl anions after complete optimization of geometry are given in Tables 5 and 6, respectively. In general, phenyl substitution increases the stability of the anions [19] , due to resonance structures. But according to the present calculations, the phenyl substituent (anion 2) destabilizes the allyl anion (anion 1) by 5.8 kcal/mole as shown in Table 5 . The present calculations are similar to those on phenyl substituted allyl cations [3, 13] . Thus, there is no point of carrying out a complete energy minimization for two phenyl rings substituted on the terminal carbon atoms of the allyl anion.
From Table 6 , it can be seen that the phenyl ring acts as a electron withdrawing substituent (anion 2), while it was found to be electron-donating when attached to the allyl cation. This means that the electron density increases on the phenyl ring of anion 2, which causes a little decrease in the bond lengths of the phenyl ring and the bond length C1C4 (anion 2, Fig. 6 The substitution of the phenyl ring on the center carbon atom of the allyl anion can occur in two ways: the phenyl ring can be perpendicular to the plane of the allyl anion (anion 3) or in the plane of it. The calculated heats of formation show that the former (anion 3, Fig. 6 ) is more stable. This is similar to the case of the phenyl substituted allyl cations. From Table 5 , it can be seen that the phenyl ring on the center carbon atom (anion 3) of the allyl anion destabilizes the anion by 32.8 kcal/mole.
Also the phenyl ring on the center carbon atom of the allyl anion (Table 6 ) acts as electron-donating substituent. Fig. 6 shows that the angle CI C2C3 of anion 3 (126.4 degree) is smaller than that of the allyl anion (134.7). This indicates that there is a strain in the anion 3 which destabilizes the anion.
Thus phenyl ring destabilizes both the allyl anion and the allyl cation.
Effect of the Cyclopropyl Ring on the Allyl Anions
The calculated heats of formation and electron densities of cyclopropyl substituted allyl anions after complete optimization of geometry are given in Tables 5 and 7 , respectively. The substitution of the cyclopropyl ring on the terminal carbon atom of the allyl anion (anion 4) increases the stability by 2.4 kcal/mole (Table 5 ). This increase in the stability is smaller than that when cyclopropyl is attached to the allyl cation. This may be due to the weaker conjugation [18] of the cyclopropyl ring with the allyl anion: the bond length C1C4 (1.451 A, cf. Fig. 7 greater than that of the cation (1.410 A). Also the angle C1C2C3 of anion 4 decreases by 4 degrees relative to anion 1 in comparison with that of the cyclopropyl substituted allyl cation, where the angle C1C2C3 increases by 3.2 degrees relative to allyl cation. This indicates that there is a strain in the anion 4 which may cause its destabilization. From Table 7 it can be seen that the cyclopropyl ring is electron-withdrawing when substituted on the allyl anion (anion 4), while it was found to be electron donating when substituted on the allyl cation.
The substitution of the cyclopropyl ring on the center carbon atom destabilizes both the allyl anion (anion 5, Table 5 ) and the allyl cation. The angle C1C2C3 of the anion 5 ( Fig. 7) is decreased by 7.1 degrees realtive to anion 1 (Fig. 6) , which indicates that there is a strain in the anion 5. Thus it is to be expected that anion 5 is less stable than anion 1.
Therefore, it can be concluded that the cyclopropyl ring stabilizes the allyl anion when substituted on its terminal carbon atom and destabilizes it when substituted on its center atom, in a similar way to that when it is substituted on the allyl cation. Also it can be concluded that the efficiency of phenyl and cyclopropyl rings in either electron donating or electron withdrawing depends on the magnitude of the charge on the carbon atom to which the phenyl or cyclopropyl is attached. This is similar to the case when methyl is substituted on the allyl and crotyl systems [1] .
